Viral hepatitis and aflatoxin B1 (AFB1) exposure are common risk factors for hepatocellular carcinoma (HCC). The incidence of HCC in individuals coexposed to hepatitis C (HCV) or B virus and AFB1 is greater than could be explained by the additive effect; yet, the mechanisms are poorly understood because of the lack of an animal model. Our study investigated the outcomes and mechanisms of combined exposure to HCV and AFB1. We hypothesized that HCV transgenic (HCV-Tg; expressing core, E1, E2 and p7, nucleotides 342-2771) mice will be prone to hepatocarcinogenesis when exposed to AFB1. Neonatal (7 days old) HCV-Tg or C57BL/6J wild-type (WT) mice were exposed to AFB1 (6 lg/g bw) or tricaprylin vehicle (15 ll/g bw), and male offspring were followed for up to 12 months. No liver lesions were observed in vehicle-treated WT or HCV-Tg mice. Tumors (adenomas or carcinomas) and preneoplastic lesions (hyperplasia or foci) were observed in 22.5% (9 of 40) of AFB1-treated WT mice. In AFB1-treated HCV-Tg mice, the incidence of tumorous or pretumorous lesions was significantly elevated (50%, 18 of 36), with the difference largely due to a 2.5-fold increase in the incidence of adenomas (30.5 vs. 12.5%). Although oxidative stress and steatohepatitis were observed in both AFB1-treated groups, molecular changes indicative of the enhanced inflammatory response and altered lipid metabolism were more pronounced in HCV-Tg mice. In summary, HCV proteins core, E1, E2 and p7 are sufficient to reproduce the cocarcinogenic effect of HCV and AFB1, which is a known clinical phenomenon.
Hepatocellular carcinoma (HCC) is the most common type of primary malignancy in the liver. 1 Main risk factors of HCC are well defined and include hepatitis B virus (HBV), lifestyle, diet, and environmental factors (e.g., alcoholic beverages, aflatoxin B1 (AFB1) and tobacco smoking) and metabolic diseases (e.g., obesity, diabetes and nonalcoholic steatohepatitis).
2 Importantly, the rise in incidence of HCC in the developed countries has been attributed, at least in part, to an increase in hepatitis C virus (HCV) infections and nonalcoholic steatohepatitis, pathological states whose prevalence is growing in the United States and Europe. 3 Although viral hepatitis is estimated to contribute to as many as 90% of HCC cases worldwide, 4 several factors have been identified as acting synergistically with both HBV and HCV infection. 5 Specifically, dietary exposure to aflatoxins, a class of mycotoxins produced by moulds of the genus Aspergillus, is a significant risk factor for HCC in less developed countries with hot and humid climates. 6 Upon ingestion, AFB1 is metabolized in the liver to a reactive epoxide that covalently binds on the N7 position of guanine, 7 leading to characteristic mutations in cancer-related genes. 8 Several recent studies provide emerging epidemiological evidence for the association between AFB1 exposure and advanced liver disease in HCV-infected patients. 9, 10 In mice, AFB1 is only hepatocarcinogenic when injected in neonates, 11 and the incidence of liver neoplasms varies from $ 25 to 90% depending on the mouse strain. [11] [12] [13] The mechanisms of the synergism between these etiological factors of HCC are not well understood due to the fact that human HCV is able to cause infection and disease only in nonhuman primates, 14 but not in other laboratory animal models, such as mice and rats. Studies in transgenic mouse models, in which the HCV proteins are expressed, indicate that HCV is directly pathogenic and oncogenic. 15, 16 There are several HCV mouse models varying in the viral proteins being constitutively overexpressed. 17 Although hepatic tumors have been observed in some of these models, 15, 16, [18] [19] [20] the incidence varies and tumors develop only in the mice of advanced (>13 months) age. Both HBV 12 and H. hepaticus 21 have been shown to promote AFB1-induced liver carcinogenesis in mice, demonstrating that cocarcinogenesis due to infectious and chemical factors can be reproduced in the animal model, but there have been no studies addressing the purported synergism between AFB1 and HCV. Liver pathology in HCV can result either as a consequence of the immune response or as a direct effect of viral protein interaction with cellular processes. In our study, we hypothesized that if direct viral protein effects were responsible for the enhanced carcinogenesis, the incidence of HCC due to AFB1 would be elevated in HCV transgenic mice expressing core, E1, E2 and p7 proteins. Although expressing viral proteins at levels comparable to human disease, these mice are immune tolerant to viral antigens and have no viral specific adaptive immune response. We demonstrate that the incidence of liver neoplasia was more than doubled (largely due to an increase in adenomas) in HCV/AFB1 group when compared to AFB1-treated WT mice. As HCV mice developed no tumors and exhibited no overt liver pathology at 12 months of age, this observation is indicative of a potentiating, but not an additive effect on the molecular pathways to hepatocarcinogenesis. Our study establishes a model for studies of the mechanisms of cocarcinogenesis of HCV and AFB1 and indicates a crucial role for direct viral protein effects in the interaction between these factors.
Material and Methods

Animals and treatments
HCV transgenic mice (SL-139 strain, pAlbSVPA-HCV-S, containing the structural genes core, E1, E2 and p7, nucleotides 342-2771 of HCV genotype 1b, strain N, under the control of the murine albumin promoter/enhancer) on C57BL/6J (Jackson Laboratory, Bar Harbor, ME) background were previously reported in Lerat et al. 16 Transgenic animals were identified after weaning as detailed in Korenaga et al.
22
C57BL/6J mice were used as a wild-type (WT) reference strain in all experiments. Neonatal (7 days old) mice were administered a single dose of AFB1 (6 lg/g bw) or tricaprylin vehicle (15 ll/g bw) by intraperitoneal injection. Male mice were maintained on the regular animal chow with free access to food and water for up to 12 months. Male mice were selected for these studies because male gender is a risk factor for human HCC. 4 Three days before sacrifice at 12 months of age, a subset of mice (five to eight per group) were given drinking water containing bromodeoxyuridine (0.2 g/l). All animal experiments were approved by the UNC Animal Care and Use Committee.
Chemicals
AFB1, tricaprylin and other chemicals, unless otherwise noted, were obtained from Sigma (St. Louis, MO). AFB1 was dissolved in tricaprylin (400 lg/ml) by heating the solution to 65 C, and the solution was then stored at 4 C.
Histopathology
At sacrifice, the livers were examined macroscopically for tumors (carcinomas or adenomas), and then a section of the liver (including gross lesions) and duodenum were fixed in neutral buffered formalin. The remainder of the liver tissue was frozen and stored at À80 C. Histology (from hematoxylin/eosin liver sections) was evaluated by a researcher and an expert veterinary pathologist in a blinded manner. Incidence and multiplicity of the preneoplastic lesions (hyperplasia or foci) were evaluated using random sections. Microscopic liver pathology was scored as follows: steatosis (the percentage of hepatocytes containing fat droplets): <25% ¼ 1þ, <50% ¼ 2þ, <75% ¼ 3þ and >75% ¼ 4þ; inflammation and necrosis: 1 focus per low-power field ¼ 1þ, 2 ¼ 2þ and =3 ¼ 3þ. Formalin-fixed sections were stained with Sirius Red to quantify fibrosis. Oil Red O staining was performed on frozen liver sections (10 lm) to evaluate tissue lipid content.
Immunohistochemistry
Formalin-fixed, paraffin-embedded liver sections (5 lm) were deparaffinized, rehydrated, treated for antigen retrieval and incubated in peroxidase blocking reagent (Dako, 10 min). Dako EnVision System HRP kit (all antibodies were diluted in saline containing 1% bovine serum albumin) was used for the detection of bromodeoxyuridine (monoclonal anti-bromodeoxyuridine antibody, clone Bu20a, Dako, 1:200 dilution, 10 min), 4-hydroxynonenal (primary rabbit anti-4-HNE antibody, Alpha Diagnostics, San Antonio, TX, 1:500 dilution, 1 hr) or F4/80 (primary rat anti-mouse F4/80 antibody, Serotec, Raleigh, NC, 1:200 dilution, 30 min). Quantitative analysis, where applicable, was performed using Image-ProV R Plus software (Media Cybernetics, Silver Spring, MD) on images at 200Â.
Quantification of glutathione
Reduced (GSH) and oxidized (GSSG) glutathione were assessed in liver mitochondria and whole liver as previously described 23 using high-performance liquid chromatography. Liver mitochondria were isolated from $ 100 mg of fresh tissue, using Mitochondria Isolation Kit for Tissue (Pierce, Rockford, IL) following the manufacturer's instructions (Option A, protocol 1). The mitochondria were stored at À80 C in 250 ll of Mitochondria Isolation Reagent C containing 10 lg/ml of protease inhibitors cocktail (Pierce).
Determination of hepatic triglycerides content
Hepatic triglycerides were extracted by homogenizing 20 mg of frozen liver tissue in 500 ll of isopropyl alcohol, and 4 ll of the extract was used in subsequent analysis. The level of triglycerides was determined by using L-Type TG-M Assay Kit (Wako Diagnostic, Richmond, VA) according to the manufacturer's instructions.
Quantitative real-time reverse polymerase chain reaction
Total RNA was isolated from frozen liver samples using the RNeasy (Qiagen, Valencia, CA) kit according to the manufacturer's instructions. RNA concentration and quality were assessed using ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively. Ten micrograms of total RNA was reverse transcribed in a final volume of 100 ll using the High Capacity Archive kit and random hexamers (Applied Biosystems, Foster City, CA), diluted fourfold in water and stored at À80
C. For each sample, 2 ll of cDNA, corresponding to $ 25 ng of reverse transcribed RNA, was analyzed in duplicate, using the Light- 
Microarray experiments
RNA amplifications and labeling were performed using Low RNA Input Linear Amplification kits (Agilent Technologies). For hybridization, 750 ng of total RNA from each mouse liver was amplified and labeled with a fluorescent dye Cy5. In parallel, 750 ng of a common reference RNA (Icoria, RTP, NC) was labeled with a fluorescent dye Cy3. Labeled cRNA was then processed, hybridized to Agilent Mouse Toxicology Arrays (catalog# 4121A, 22,575 features), washed and scanned according to the manufacturer's protocol. The resulting images were analyzed by determining the Cy5 fluorescence intensity of all gene spots (features) on each array using the Agilent Feature Extraction Software (Version 9.5). Raw data are available from Gene Expression Omnibus (GSE26838). The median fluorescence intensity of all pixels within one feature was taken as the intensity value for that feature. The raw intensity values were then normalized using 75th percentile channel scaling normalization setting of ArrayTrack. The list of differentially expressed genes was generated using a t-test at p-value <0.01 and a fold change at >1.5. The Ingenuity Pathway Analysis Software (Ingenuity Systems, Redwood City, CA) was used for pathway analyses. Ingenuity Pathways Analysis (IPA v. 7.1; Ingenuity Systems, Redwood City, CA) was used to determine canonical pathways that are enriched by the significant transcripts identified by the ANCOVA model for each factor.
Mitochondrial DNA damage
Long polymerase chain reaction method was used to assess integrity of mitochondrial DNA. 24 25 The products were separated on 1% agarose gels and visualized with ethidium bromide.
Quantification of genomic 8-oxo-deoxyguanine
Capillary liquid chromatography tandem mass spectrometry method was used for the detection of 8-oxo-deoxyguanine adducts in liver DNA isolated and processed as detailed elsewhere. 26 
Statistical analysis
The GraphPad Prism software v.5 (GraphPad Software, San Diego, CA) was used for analyses. Incidence of tumors, steatosis and inflammatory foci between groups were compared by Fisher's exact test. In other experiments, unpaired t-test or Welch's t-test (when variances were unequal) were used. Quantitative values are expressed as mean 6 standard deviation.
Results
HCV transgene doubled tumor incidence in mice treated with AFB1
All animals treated with AFB1 or vehicle neonatally survived to weaning. A total of 161 male mice were maintained for 6 (n ¼ 20), 9 (n ¼ 20) or 12 (n ¼ 21) months. No neoplastic or preneoplastic lesions were observed in WT and HCV-Tg mice treated with the vehicle alone at any of the three time points (Table 1) . Liver neoplasias were found only in 12-month-old animals treated with AFB1, with an incidence of 22.5% in WT and 50% (p < 0.05) in HCV-Tg group, indicating a potentiating effect. In HCV-Tg/AFB1 mice, increased incidence of liver neoplasms was mainly due to a significantly greater (p < 0.05) incidence of liver adenomas. Although transgene expression varied between individual mice in HCV-Tg groups, tumor incidence did not correlate with the viral protein levels (data not shown). In both WT and HCVTg mice, all types of neoplasms (e.g., hyperplasia, foci, adenoma and carcinoma) were observed (Supporting Information Fig. 1, Table 1 ), and there was no difference in tumor multiplicity. Interestingly, three different subtypes of liver adenomas (vacuolated, well-differentiated and basophilic focus-like) were observed in both groups (Supporting Information Fig. 1 ).
Effects of HCV-Tg and AFB1 on liver inflammation and steatosis
Hepatic steatosis and inflammation are commonly observed in patients with HCV. 27 HCV-Tg mice also develop steatosis, which is thought to be mediated by HCV core protein. 28, 29 There are reports that AFB1 exposure leads to steatohepatitis in humans, 30 rats 31 and mice. 32 Thus, we evaluated liver 1 (20) 5 (21) 1 (20) 1 (20) 9 (43) 3 (8) 1 (20) 6 (17) 2þ 3 (13) 2 (9) 4 (10) 6 ( 1 (20) 8 (33) 1 (20) 1 (20) 11 (52) 7 (18) 1 (20) 15 ( 1 (4) 1 (5) 4 (10) 2 (40) 10 ( 2 (8) 2 (10) 10 (25) 2 (40) 13 ( histopathology, cell proliferation as well as markers of oxidative stress and steatosis. In vehicle-treated animals, mild inflammatory and steatotic changes were observed in some, but not all animals, with most of the changes manifesting in 12-month-old mice (Table 1) . Interestingly, HCV-Tg mice showed no difference from WT in either incidence or severity of the liver histopathological changes. In AFB1-treated mice, no adverse liver pathology was observed in 6-or 9-month groups; however, at 12 months, HCV-Tg/AFB1 mice exhibited greater inflammatory change than WT/AFB1 mice. It should be noted, however, that these lesions were comprised of small lobular inflammatory foci, which are different from the portal-based inflammatory lesions observed in human HCV patients.
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Furthermore, liver steatosis, as evidenced from the histopathological evaluation (Table 1, Fig. 1a ), Oil Red O staining (Fig. 1a) and hepatic triglyceride content (Fig. 1b) , was observed in both AFB1 groups at 12 months. Concomitantly, the extent of hepatic lipid peroxidation, as evidenced by the presence of 4-hydroxynonenal-adducted proteins, was also elevated at 12 months (Fig. 1c) .
Interestingly, cell proliferation rate in nontumoral liver tissue was increased in response to AFB1 treatment at 12 months in WT group, but not in HCV-Tg group (Fig. 2a) . An elevation in the number of F4/80-positive macrophages in the liver was also observed in WT, but not in HCV-Tg mice in response to AFB1 (Fig. 2b) . Even though a significant elevation in expression of alpha-smooth muscle actin, transcription growth factor beta 1 or its receptor was observed in WT/AFB1 group, no effect was observed in HCV-Tg mice (Figs. 2c, 2e and 2f) . Furthermore, no evidence of liver fibrosis was found using histological examination, Sirius red staining (Fig. 2g) or expression of collagen 1-alpha 1 (Fig. 2d) .
As an increase in lipid peroxidation was observed in AFB1-treated mice (Fig. 1c) , we further examined markers of oxidative stress (Fig. 3) . In whole liver, we examined oxidative damage to genomic DNA (8-oxo-dG and expression of base excision DNA repair genes 8-oxo-dG DNA glycosylase 1 and polymerase beta 1) and amounts of reduced and oxidized glutathione (Fig. 3a) ; yet, no effect of either AFB1 or HCVTg was observed. Next, we evaluated mitochondrial DNA damage and glutathione content (Fig. 3b) and also found no difference between the groups.
Effects of HCV and AFB1 on liver lipid metabolism pathways
To evaluate the effects of AFB1 and HCV on lipid metabolism pathways, we first examined several factors previously associated with fatty acid and triglyceride metabolism in HCV transgenic mice. We evaluated the expression of lipid catabolism, lipoprotein secretion, lipid uptake and lipogenesis genes (Figs. 4a-4d) . Concomitant with little evidence for fatty change in the liver of vehicle-treated HCV-Tg mice, we observed no differences between WT and HCV-Tg groups. Our data show that the mechanisms for excess fat accumulation may differ between WT/AFB1 and HCV-Tg/AFB1 groups. For example, although AFB1 induced lipogenesis in WT, lipid secretion and uptake were dysregulated in HCVTg mice.
Next, we examined liver gene expression profiles in each experimental group to assess global differences in the molecular pathways that may be affected by each experimental factor (Fig. 5) . Although both AFB1 and HCV transgene had an effect of the liver transcriptome when compared to the WT group (Fig. 5a) , the overlap between the groups, in terms of the individual genes, was relatively small. Interestingly, the greatest effect of AFB1 treatment in WT mice was on the 
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inflammatory response network (Fig. 5b) , an effect that appears to be synergistic with the impact on immune cell trafficking pathways of HCV-Tg alone (Fig. 5c ) or a combination of the two (Fig. 5d) . Lipid metabolism genes, largely related to the inflammatory cytokines, were induced in HCV-Tg/AFB1 mice when compared to WT (Fig. 5e) .
Unfolded protein response is not induced by either HCV or AFB1
It has been shown that HCV envelope proteins induce unfolded protein response (UPR), a cellular response to accumulation of damaged proteins in the endoplasmatic reticulum, in vitro. 33 Several in vivo studies using HCV transgenic mouse models, however, showed little evidence for induction of UPR in the liver 34 in the absence of additional factors, such as iron overload. 35 Interestingly, a link between the UPR and hepatic steatosis has also been proposed. 36 Thus, we examined whether AFB1 may have an effect on UPR in WT or HCV-Tg mice. Similar to the observation of others, 34 we found no evidence that UPR is affected by either HCV, AFB1 or both (Fig. 4e) . group; mean 6 standard deviation for ten randomly selected fields at Â100) relative to WT group. Liver expression (evaluated using real-time PCR and normalized to levels in WT group; n ¼ 6-16 per group) of smooth muscle actin-alpha (c), collagen 1-alpha1 (d), transforming growth factor beta1 (e) and its receptor (f). Asterisks (*, ** and ***) denote statistical significance (p < 0.05, p < 0.01 and p < 0.001, respectively) between the groups as indicated. 
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Discussion
An interaction between AFB1 exposure and HBV infection on HCC occurrence is a well-established phenomenon confirmed by multiple well-controlled epidemiological studies. 37, 38 Data from several recent reports from the Middle East and South-East Asia, 9, 10, 39 where both HCV prevalence and dietary exposure to AFB1 are high, also suggest that AFB1 exposure may be associated with advanced liver disease and increased HCC incidence in HCV-infected patients. Our study shows that HCV proteins core, E1, E2 and p7 are sufficient to reproduce the cocarcinogenic effect of HCV and AFB1 in the mouse, opening a possibility for understanding the molecular mechanisms of the interaction.
Much progress has been made in elucidating the mechanisms that underlie AFB1 and HCV hepatocarcinogenesis. Biotransformation of AFB1 to the putative carcinogenic intermediate, AFB-8,9-exo-epoxide, is a key step in the formation of promutagenic DNA lesions. 40 Detoxification of AFB-8,9-epoxide by glutathione-S-transferases is an important protective mechanism in mice, 41 species resistant to AFB1 hepatocarcinogenesis if treated postneonataly.
11 Chronic inflammation, a result of HCV infection, was suggested to contribute to both DNA damage and cell proliferation in the liver, processes that may accelerate both accumulation of the mutations and clonal expansion of the initiated cells. 42 Firm molecular evidence in support of this hypothesis from subjects exposed to HCV and AFB1 is, however, lacking.
Several HCV transgenic mouse models have been developed in the past decade; yet, liver tumors have been observed only in a couple of strains, usually after 13-24 months. 15, 18 Most of the HCV transgenic mouse models exhibit a limited overt liver phenotype, even late in life, 17 yet are susceptible to a number of additional hepatotoxic challenges (e.g., iron overload 43 or alcohol 20 ). An HCV-Tg mouse model that shows no spontaneous liver tumor development, yet exhibits an oxidative mitochondrial phenotype, 22 was selected here to study AFB1/HCV cocarcinogenic effect. We posit that the animal that does not have liver disease, yet is susceptible to additional challenges, may be relevant to model the human carriers of HCV who have not manifested with hepatitis but may be at risk for HCC upon exposure to AFB1.
Our data suggest that the molecular pathways of promotion of AFB1-induced carcinogenesis may differ between WT and HCV-Tg mice. We observed an increase in cell proliferation and expression of profibrotic cytokines in the WT/AFB1, but not in the HCV-Tg/AFB1 group. Conversely, AFB1 treatment in HCV-Tg mice, when compared to WT/AFB1 group, led to a significant increase in hepatic inflammation and expression of immune cell trafficking genes. These differences illustrate that although the gross liver pathology observed in AFB1-treated mice (e.g., steatosis and lipid peroxidation) is similar between the groups, the molecular events leading to steatohepatitis and tumor promotion are impacted greatly by the HCV.
The effects of HCV on lipid metabolism are well documented in human studies, 29 a phenomenon also observed in some HCV-Tg models. 28, 34 Steatohepatitis also appears to play a role in promoting HCV replication. 27 However, not all HCV-infected patients, or HCV transgenic mouse strains, manifest with steatohepatitis, or even steatosis, and it is also difficult to distinguish between the pathways that may lead to lipid accumulation in the liver. For example, studies using different HCV transgenic mouse models have reported 
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enhanced fatty acid uptake and decreased mitochondrial beta-oxidation 28 as well as increased lipogenesis and decreased triglyceride secretion, 34 all of which may contribute to this phenotype. In the HCV-Tg model used here, lipid accumulation in the liver was minimal in the absence of AFB1 treatment; yet, HCV transgene-sensitized hepatocytes to steatosis induced by AFB1. AFB1 has been reported to cause fatty change in the liver in humans, 30 rats 31 and mice 32 ; however, no mechanism has been proposed. Although our study did not address this issue in full, we show that the steatosis-promoting effect of AFB1 may also differ between WT and HCV-Tg mice. This was evidenced by changes in expression of the lipogenesis gene fatty acid synthase in the WT group, but additional transcripts for fatty acid translocase and microsomal transfer protein, involved in lipid uptake and lipoprotein secretion, were induced by AFB1 in HCV-Tg mice.
We also observed an increase in lipid peroxidation in AFB1-treated mice even though no changes in genomic or mitochondrial oxidative DNA damage or intracellular or mitochondrial glutathione were found. Moriya et al. 44 previously showed that no lipid peroxidation is found in HCV-Tg Upregulated genes are identified in red and downregulated in green.
Infectious Causes of Cancer mice until 16 months of age when the mice begin to develop HCC. Moreover, they also observed lipid peroxidation in young HCV mice if treated with alcohol or carbon tetrachloride, indicating that the HCV core protein predisposes hepatocytes to oxidative stress. 44 Thus, our study suggests that AFB1 challenge in HCV-Tg and WT mice promotes lipid peroxidation, which is most pronounced when tumors are observed.
It should be noted that an alternative explanation for the observed differences in the incidence of AFB1-induced neoplastic and preneoplastic liver lesions between WT and HCV-Tg mice is that AFB-DNA adduct formation or removal in neonatal mice could have been affected by the transgene. Even though a comparison of liver gene expression data between WT and HCV-Tg mice at 12 months of age showed no difference in transcript levels for AFB1-metabolizing enzymes, additional experiments examining the time course of AFB1 DNA damage in neonates are necessary to address this possible mechanism.
In conclusion, although HCV mice exhibit a phenotype similar to WT mice at 12 months, they are susceptible to AFB1 exposure. We show that the HCV structural proteins potentiate carcinogenesis by AFB1 via increases in steatosis and tumor incidence; however, HCV and AFB1 may operate to increase liver cancer incidence through different mechanisms. In addition, although tumor occurrence may also be linked to lipid peroxidation consequently to AFB1 exposure, we posit that the conventional explanations (e.g., oxidative stress and lipid accumulation) do not appear to be the cause of the observed effect and other more specific, but as yet unidentified effects are likely to be responsible.
